Abstract. Meal is a by-product in biodiesel production
Introduction
Obtaining renewable energy and other raw chemicals from bio-based resources has become a hot topic around the world. Biodiesel, a renewable energy, is viewed as a feasible supplement to fossil-based fuels. Currently, the major drawback of using biodiesel is its high cost of production. Seed meals are by-products of biodiesel production from high erucic acid (HEA) seed oils such as rapeseed, mustard, and crambe seeds. They are rich in proteins and other nutrients and could be used as animal feeds and feed additives. However, because of the presence of glucosinolates (GLS), whose hydrolytic products and other anti-nutritional substances are harmful, especially to non-ruminant animals, the seed meals could not be widely used as animal feed.
GLS are a group of sulphur-containg secondary plant metabolites produced mainly in Brassica vegetables. GLS themselves are not toxic, however, their hydrolytic products are. Brassica seed meals contain an enzyme myrosinase (thioglucoside glucohydrolase 3.2.3.1), which catalyzes the hydrolysis of GLS to harmful products, including goitrogenic and potentially hepatoxic compounds, such as isothiocyanates and thiocyanates. GLS and myrosinase are stored separately in intact plant tissues before pressed. Hydrolysis reactions of GLS would not occur until they come together in the presence of water at moderate temperatures of 20 to 50°C (Shikita et al., 1999; Warton et al., 2001; Francis et al., 2002) .
Although GLS are toxic if the untreated meal is used as animal feed, they are of interest for many other uses. Isothiocyanates (ITCs) are the responsible chemicals from GLS hydrolysis which are inimical to many soil-borne organisms. Therefore, one of the attractive applications of GLS, the precursors of ITCs, is to control soil-borne pests and diseases in some crops through biofumigation (Angus et al., 1994) . The GLS-containing meal is also considered a soil fumigant or pest control agent which is natural, biodegradable, and thus environmental friendly. Such a pest control agent has a high potential for replacing synthesized pesticides currently in use. One such chemical is methyl bromide, which will soon be removed from the market due to its' toxicity. Many researchers have reported significant results using GLS-related products as bioherbicides and pesticides (Brown et al., 1991Brown et al., 1995 Morra, 1995, 1996; Manici et al., 1997; Gardiner et al., 1999; Tierens et al., 2001) . Special molecules were produced from hydrolysis of glucosinolates for potential use as alternative biocidal compounds in post-harvest fruit storage (Loeni et al., 2000) .
Another important application that GLS may have is their beneficial effect for human health. It was reported that there is no evidence that ingestion of food containing GLS can cause risks for human health. On the contrary, what has interested researchers is that GLS-containing Brassica vegetables may have anticarcinogenic effects. Epidemiological evidence showed that consumption of Brassica vegetables is associated with reduced risk of many kinds of cancer. Mithen et al. (2000) published a detailed review on the anticarcinogenic function of GLS and its possible mechanisms. Loeni et al. (2000) also reported that some bioactive molecules produced from hydrolysis of GLS could be potentially used as natural protective agents against cancer.
Some of the glucosinolate components and their breakdown products can also create several unique and characteristic flavors. Allyl isothiocyanates was found to be responsible for the hot flavors of condiments made from mustard and horseradish, and sinigrin and progoitrin are the cause of bitterness of some Brassica vegetables (Fenwick et al., 1982; Van Doorn et al., 1998) . This implies the commercial value for GLS to satisfy some particular consumer preferences.
To be used as animal feed additives, the GLS-containing seed meals must be treated or detoxified first. Currently, most studies on detoxification of seed meals are based on the destruction of GLS, or deactivation of myrosinase, the enzyme responsible for initiating hydrolysis. Few investigations were reported on the isolation or concentration of glucosinolates. Maheshwari et al. (1981) categorized the removal or reduction of glucosinolates and their decomposition products into five groups: biological elimination, potentiation of the enzyme and removal of the decomposed products, destruction of glucosinolates and derivative products, and removal of glucosinolates and derivative products. A heat treatment has been used to decompose the glucosinolates in seed meals in the presence of water (Mansour et al., 1993) , which deactivates the enzyme but glucosinolates were not isolated. Many researchers tried extracting GLS from seed meals using different solvents, such as hot water, alcohol, ammonia, and a mixture of solvents (Kloss et al., 1994; Naczk et al., 1986) . Another significant achievement was the alkanol/ammonia-hexane extraction process as summarized by Shahidi and Naczk (1990) . In this process, the crushed seeds were exposed to a two-phase solvent extraction system consisting of dissolved ammonia in alkanol and hexane. Adding water to the system increased the effectiveness of glucosinolate removal. Shahidi and Naczk reported (1990) that methanol alone removed 50% of the glucosinolates and the addition of 10% ammonia improved the effectiveness to 90%. Adding 5% water to the above-mentioned solution further improved the glucosinolate removal process. However, too much water resulted in a sticky, dark-colored meal. A higher solvent-to-seed ratio or larger quantity of fresh solvent was needed to reduce the GLS content in high GLS variety rapeseed (Naczk et al., 1986) . Barrett et al. (1998) heated canola and rapeseed meals with addition of some NaHCO 3 and NH 4 HCO 3 , and found this treatment improved the nutritive value of meals. Other novel processes were also attempted (Dunford and Temelli, 1996; Singh et al., 1997) . However, further studies are desired before these processes could be practically applied.
Our ultimate goal is to fully utilize the HEA oil seeds to produce sustainable biodiesel. One of these efforts is to increase the value of by-products from biodiesel production. The objective of this research was to explore a feasible process of extracting the intact glucosinolates from the HEA seed meals and preparing a glucosinolate concentrate as a biofumigant or a pesticide, which would increase the overall value of the HEA oil seeds and reduce the feedstock cost for biodiesel production. This paper reports the preliminary results on GLS extraction from yellow mustard seed meal. Solvents selection and factors affecting the effect of GLS extraction processes are summarized.
Materials and Methods

Seed Meal Preparation
The seed used in this study was IdaGold, a yellow mustard cultivar, harvested from the research farm at the University of Idaho. It was processed locally at the Department of Agricultural and Biological Engineering using a CeCoCo seed press of 45 kg/h with seed preheating capability and instrumented feed bins. After pressing, the seed meal contains 10.4±0.45% w/w of oil and 211.3±18 µmol/g of GLS. The meal was ground using a coffee grinder before use so that most particles pass 16-mesh sieve, or less than 1 mm in dimension.
Extraction Procedures
In extractions with tap water or ammonium chloride solution, a flask holding a pre-weighed amount of the dry ground meal was preheated in a water bath. Solvent (tap water at different pH's, or ammonium chloride solution) that was pre-heated to the same temperature was added into the flask. The pH values of tap water were adjusted using HCl solution (1.0N or 0.1N) or NaOH solution (1.0N or 0.1N) to the desired pH. The mixture was mechanically stirred using a laboratory mixer (Stir-pak 50002-20, Cole-Parmer, IL) with a ring guard propeller (overall diameter 38 mm or 1½ inch) at 700 rpm for 5 min. After cooling down in a water bath to room temperature, the slurry was disseminated in 6 ml test tubes and centrifuged at 5000 rpm for 30 min. The supernatant was decanted and kept in 50-ml test tubes for analysis on GLS.
A sample of the extracted meal was filtered through a Whatman 4 filter paper (pore sizes 20-25 µm) under vacuum (22 mmHg) for 4 min. Tap-water was used to wash the meal cake at a ratio of about 10ml of water to every 5g of meal (water to dry meal basis) and the cake was filtered again for additional 4 min. The cake was then collected and stored in test tubes as sample of post-treated meal. Another sample was collected in 30 ml aluminum foil plates and dried naturally at room temperature.
Methanol solution (70% v/v) at 70-75°C could reportedly extract GLS directly from seed meal without deactivating myrosinase first (Karcher et al., 1999; Warton et al., 2001) . In this study, the enzyme was deactivated by hot water at 97°C. Parameters for enzyme deactivation using ethanol were not tested in this study. In GLS extraction with ethanol solution, ground meal was first mixed with hot water at 97°C for 3 min in a similar procedure to water extraction. The flask was moved from a hot water bath into a cold water bath to cool it down to about 30ºC in 5 minutes. Ethanol was added quantitatively into the mixture followed by stirring for 3 min to enhance the extraction. The meal-solvent separation and sampling procedures are the same as described above.
GLS Determination
Glucosinolates determination in the raw meal, extract, and raffinate (or treated meal) was conducted using a modified GC procedure . The measurements were conducted on a gas chromatograph (Hewlett Packard Model 5890 Series II Plus) equipped with a flame ionization detector and a 100:1 ratio split injection port. A capillary column of 30 m×0.25 mm I.D. from J&W Scientific DB-1 (Agilent Technologies, Palo Alto, CA) which has a 0.25µm film thickness. Injection port temperature was maintained at 250°C and detector temperature at 300°C. Helium carrier gas was maintained at a flow rate of 1 ml/min. Nitrogen makeup gas was supplied to the detector at 30 ml/min. The content of each individual glucosinolate was calculated according to their signal peaks separately.
Total Protein Determination
Total protein content in samples was determined using a total protein kit with Beckman Du520 spectrophotometer (Beckman Instruments, Inc.; Fullerton, CA). The kit (product code TP0200) was purchased from Sigma (Sigma-Aldrich Corporation; St. Louis, MO). Protein content in meal samples was determined after each sample of 0.5 g was extracted by 20 ml of 0.1 N sodium hydroxide solution.
Some Definitions
Meal to Solvent Ratio is the ratio of meal by weight to solvent per 100 ml or g/100 ml. Two terms were used to describe the effect of extraction. Extractivity represents the portion of GLS extracted from solid meal to the amount of solvent used by percentage. Extraction Yield is the amount, by percentage, of GLS obtained in supernatant after extraction and centrifugation, which does not include the amount of GLS that dissolves in the solvent but still contained in the meal cake after centrifugation.
Residual GLS are present in two forms after meal slurry centrifugation. One is in liquid phase which is dissolved in solvent but still contained in the meal cake. The other is in the solid phase which is not extracted and intact in the meal molecular structure. Concentration of GLS in Solid Phase Meal (GLS solid basis, µmol/g) represents the concentration of un-extracted GLS per unit weight of meal. The concentration of GLS in Dry Meal (GLS dry basis, µmol/g) is the total GLS content in dried meal samples that were not washed. This concentration consists of both the GLS remaining in the un-extracted meal and in the solvent but remaining in the cake after solvent vaporization. The results from the analysis of gas chromatography are the Concentrations of GLS in Dry Meal. Concentration of GLS solid basis equals Concentration of GLS dry basis minus the amount of GLS dissolved in the residual solvent remaining in the cake.
Distribution Coefficient is defined as the ratio of concentration of GLS in the solid phase to the concentration of GLS in the liquid phase of the solvent at equilibrium in units of (µmol/g)/(µmol/ml).
Results and Discussions
Effect of Temperature on GLS Hydrolysis
The degree of GLS hydrolysis was calculated from the mass balance of GLS before and after the extraction. The degree of GLS hydrolysis decreases slightly in the temperature range of 85-97°C ( fig. 1 ). When temperature was decreased from 85 to 80°C, the trend of GLS hydrolysis increased considerably from 31.7% to 92.1%. This implies the insufficient deactivation of the enzyme myrosinase. The hydrolysis of glucosinolates becomes more evident if the operating temperature goes down to a critical point at which the enzymes would not be deactivated. It was observed that there was still some degree of GLS hydrolysis when the extracting temperature was 97°C, which may be caused by yet-to-be-deactivated enzyme in the transition stage of enzyme deactivation process. meal-to-solvent ratio 7.5, 97 °C, and tap water.
pH Effect on Water Extraction
Water extraction at different pH levels was done with the same meal-to-water ratio of 10g/100ml. It was found that the pH did not have a significant effect on water extraction, as shown in table 1. The extractivities at different pH levels were around 60%. Therefore, the solubility of GLS in water is not significantly affected by pH under tested conditions. Figure 2 shows the effect of ethanol content on GLS extractions. It is shown that ethanol content does not enhance GLS extraction effectively compared to water extraction. The extractivity stayed virtually constant at 60%. However, further investigations are needed if a higher content (>60%) of ethanol would enhance the extraction. 
Effect of Ethanol Content on GLS Extractivity
Effect of Solvent Types on GLS Extractivity
Ethanol solutions of 60% or below do not significantly affect GLS extraction. However, 10% ammonium chloride solution showed a positive effect in enhancing the GLS extraction. The distribution coefficient of ammonium extraction is much smaller than that of water extraction as indicated in table 2. The pH of 10% ammonium chloride is 6.16. As discussed above, pH does not have an evident effect on GLS extraction, or the enhancement of ammonium extraction is not caused by pH. A possible explanation could be the effect of ammonium ion and/or combination with chloride ion which can increase the polarity and ion intensity of water. However, whether the extraction of polar GLS can be enhanced by addition of polar organic ethanol needs to be tested by further experiments with higher content of ethanol. 
Effect of Meal to Solvent Ratio on Extractivity
The ratio of meal to water affected the extraction efficiency as expected (table 3) . As the ratio increased, the GLS content remained in the meal increased. The extractivity decreased as the ratio of meal to solvent increased as well. However, the distribution coefficient remained nearly constant for different ratios. The average distribution coefficient of water extraction at 97°C ranged from 2.5 to 2.7 (µmol/g) /(µmol /ml). The distribution coefficient was the ratio of GLS concentrations in meal and liquid solvent. The distribution coefficient in water extraction is only determined by temperature when the two phases reach equilibrium. When the ratio of meal to water increased, the relative increase of the meal mass detained more GLS as the ratio of the GLS concentrations in the two phases remained the same. As a result, extractivity decreased. The distribution coefficient of one batch (625R12.5) was higher than the others. This batch had a meal-to-water ratio of 12.5 g/100mL and the mixture was very dense. The same propeller was used for all extraction operations. It was too small for this batch. This may have resulted in incomplete mixing, and the mixture had not reached equilibrium. 
Post-treatment to Further Reduce GLS Content in Extracted Meal
Single-stage extraction with a meal-to-solvent ratio more than 7.5 can only produce treated meals with 70 µmol/g GLS or even higher, which does not meet the general requirement for GLS content of 50~60 µmol/g (Niewiadomski, 1990) , in seed meals for direct animal use. Extracted meals after centrifugation and filtering have a liquid holding capability of 2.2-3.2 g water/g solid-meal which may contain certain amounts of GLS. To have a representative GLS content in the extracted meal, the residual solvent needs to be removed. Tap water was used for this purpose. Water was sprayed onto the meal cake at room temperature and no additional mixing was provided. Filtering was conducted immediately after the spraying so that it could be assumed that no further extraction was in effect. After washed with tap water and further filtering, the residual solvent contained in the cake was removed. As a result, the content of GLS in the extracted meal decreased from 24.4 µmol/g before washing to 13.7 µmol/g. It is evident that washing is a simple process but very effective to further reduce the GLS content in extracted meals.
Effect of Water Extraction on Total Protein Content
The mustard meal used in this study contained 451 mg total protein per gram of raw meal. Water extraction significantly reduced the total protein content in the extracted meal to less than 50% of the original content in the mustard meal ( fig. 3 ). In the process of GLS extraction by hot water, proteins were also extracted ( fig. 4) . Similarly, the extraction or the loss of proteins decreased as the ratio of meal to water increased. As a result, the total protein content relevant to that in raw meal (relative total protein of extracted meal) was higher at larger ratios of meal to water. Most of the protein was extracted into water. Considering the protein dissolved in the residual water of the extracted meal cake, the total protein content remaining in the solid meal after extraction was even lower (data not shown). In the extraction process for intact GLS extraction, protein loss is inevitable. To reduce the loss of protein to the solvent, optimum working conditions such as pH and temperatures should be further investigated. The effectiveness of GLS extraction of protein and other nutrients conservation needs to be considered collectively. 
Summary
GLS hydrolysis occurs when GLS and the enzyme myrosinase come in contact in the presence of water. It should be deactivated quickly to reduce the degree of hydrolysis. Our preliminary results showed that extraction with water at 97 °C did not result in a significant GLS hydrolysis, while more than 30% of GLS were hydrolyzed if the extraction temperature was below 85 °C. It was also found that pH levels of the solvent did not affect the extraction process significantly.
Among the solvents tested, (water, 10%w/v ammonium chloride solution, and ethanol solution) ammonium chloride showed the best extraction effect. The mechanisms of the ammonium chloride effect were not clear to the authors and may require further studies. To further reduce GLS content in extracted meal, attention should be paid on both the extraction effect and the reduction of GLS in residual solvent. Cake washing at the end of liquid-solid separation proved to be a necessary step to further remove the residue GLS.
Total protein content in the meal was significantly reduced with hot water extraction. This protein loss may be lessened by cold-water extraction, but the effect of GLS removal will be affected consequently. Furthermore, the enzymes need to be deactivated, such as by steam, before the cold water extraction. Further investigation is also needed to explore the protein loss by GLS extraction with other solvents, and whether a higher concentration of ethanol can enhance GLS extraction as reported in the literature. The optimal operating conditions should be based on the highest process economy and efficiency. The effects of GLS extraction on other nutritional properties of meals needs to be tested in a future study as well.
